The reaction of enals with ´-diaryl-substituted acetones (pKa > 18) catalyzed by (S)-1-(2-pyrrolidinylmethyl) pyrrolidine provides a direct access to enantioenriched 2,5,6-trisubstituted-3-hydroxy cyclohexanones. The process constitutes a highly stereoselective organocatalytic tandem Michael-intramolecular aldol reaction. It has been demonstrated that the stereoselection is dependent on the reaction conditions because only syn diastereoisomers are able to cyclize, and that anti diastereoisomers participate in a retro-Michael process decreasing the enantioselection.
Introduction
. Representative asymmetric strategies for the synthesis of 3-hydroxy cyclohexanones It has been established that the pKa value of a nucleophile for a direct amine catalytic activation lies between 16 and 17, 10 and consequently, only ketones activated by electron withdrawing groups have been used in those transformations. 11 Recently, it has Table 1 . The screening showed that at rt the highest reaction rate and the best yield were obtained in methanol as a solvent (entry 1), but a very complex mixture of diastereoisomers was obtained. The reaction also proceeded in ethereal solvents, toluene, and DCM yielding mixtures of three different diastereomeric 2,5,6-triphenyl-3-hydroxy cyclohexanones (entries [2] [3] [4] [5] [6] . No improvement in the diastereoselection was observed by lowering the temperature when the reactions were carried out in DCM as solvent (entries 7, 8) , but a mixture 7/3 of only two diastereoisomers was obtained at 0 o C in diethyl ether (entry 9). Fortunately, excellent diastereo-and enantioselectivities were observed for the reaction in Et 2 O at -18 o C (entry 10) although at expenses of diminishing the yield of the cyclized product. Increasing the reaction time to 240 h in that conditions did not increase the yield of the cyclization product. Lowering the temperature to -35 o C did not improve the stereoselection, but increased the reaction It is important to note that only cyclization products were observed when the reaction was carried out at rt, whereas a mixture of cyclohexanone derivatives 4aa and antiMichael adducts 5aa was detected when the reaction was performed at low temperature (Scheme 2).
Then, we explored the generality of the reaction of different -substituted unsaturated aldehydes (3a-f) with dibenzyl ketone 2a in Et 2 O at -18 o C in the presence of 20 mol% of catalyst 1 without additional acidic or basic additives, and the results are summarized in Scheme 2 and Table 2 (entries 1-6). In all cases mixtures of the anti-Michael adducts 5aa-5af and 3-hydroxy-2,5,6-trisubstituted cyclohexanones 4aa-4af were obtained as single diastereoisomers, but with enantioselectivities that are dependent on the nature of the substituent at -position in the unsaturated aldehyde. The stereochemistry of 4aa was determined by single crystal X-ray analysis,cyclohexanone derivatives, and indicates that they result from the cyclization of syn diastereoisomers 6aa-6af, which were not detected in the reaction mixtures.
Scheme 2. Domino Michael-intramolecular aldol reaction of different enals and ketones catalyzed by diamine 1.
As a general feature, the observed enantioselectivities were much better for the formation of the syn diastereoisomers (isolated as hydroxy cyclohexanones 4) than for the anti diastereoisomers.
Furthermore, different ketones (2b-g) were tested towards cinnamaldehyde (3a) or pmethoxy cinnamaldehyde (3b) (entries 7-12 in Table 2 ). Notably, the behavior of these ketones is highly dependent on the substitution pattern. Thus, 1,3-di-p-tolylpropan-2-one (2b), 1,3-bis(4-chlorophenyl) propan-2-one (2c), and 1,3-di(naphtalen-2-yl)propan-2-one (2e) ketones behave in a similar way than dibenzyl ketone (2a) do, leading to the corresponding hydroxy-cyclohexanones as major products in moderate yield, with excellent diastereoselectivity and moderate to good enantioselectivity (entries 7, 8, and 10 in Table 2 ). On the contrary, the initial addition of 1,3-bis(4-methoxyphenyl) propan-2-one (2d) to enal 3b was highly diastereoselective, giving the anti Michael adduct 5db in good yield although poor enantioselectivity (entry 9 in Table 2 ) and only 7% of syn diastereoisomer (syn-6bd) was detected in the reaction mixture. The reaction was also very sensitive to the acidity of the ketone used as nucleophile. Benzyl ethyl ketone (2f)
only yielded a mixture of anti-5fa (64%, 30% ee) and syn-6fa (16%, 78% ee) Michael adducts because the methylene group of the ethyl substituent is not acidic enough (pKa 24.4) Table 2 ). f 16% of 6fa (78 % ee) was isolated.
The incorporation of a nitro substituent at para position in the phenyl ring highly increases the acidity at the benzylic position 11a, 16, 17 and, in fact, the much more acidic 1,3-bis (4-nitrophenyl) propan-2-one (2h) behaves in a quite different way, leading to the Michael-Knoevenagel adduct instead of the Michael-Aldol product. It reacted with 3b yielding cyclohexenone 7hb in excellent yield and near total enantioselectivity after 17 h at -18 o C (Eq.1 in Scheme 3). After some control experiment, we were unable to detect the corresponding 3-hydroxy cyclohexanone derivative in the reaction mixture, indicating that the increase of the acidity of methylene protons allows that the initially formed Michael adduct easily epimerizes and immediately cyclizes and dehydrates to the cyclohexenone derivative 7hb. Finally, 1,3-bis (2-thienyl) propan-2-one (2i) readily reacted with 3b yielding 4ib as a mixture of diastereoisomers at C-2 and/or C-3, which spontaneously dehydrated at rt to a single diastereoisomer of cyclohexenone 7ib, but in moderate enantioselectivity (Eq. 2 in Scheme 3).
Scheme 3.
Michael-aldol-dehydration leading to cyclohexenones.
The first step of the process is well established, and accepted that the Michael addition occurs by activation of the enal by formation of an iminium ion, followed by addition of the nucleophile leading to a mixture of enantioenriched syn and anti diastereoisomers.
The evolution of the Michael adducts is dependent on the pKa of the methine protons and the reaction conditions. It has been previously described that, for very acidic substrates, anti adduct totally epimerizes to the syn diastereoisomer that quickly cyclizes to hydroxy cyclohexanone derivatives by intramolecular aldol reaction 2,3 or participates in an enolization process and subsequent heterocyclization. 18 In our case, the epimerization is a very slow process or it does not occur at -18 o C, because a mixture of cyclized products 4, resulting form a very quickly cyclization of the syn diastereoisomers, and anti Michael adducts 5 were isolated. On the contrary, the epimerization takes place above 0 o C, isolating mixtures of cyclized products, but with lower enantioselectivity (compare entries 9 and 10 in Table 1 ).
We suspect that above 0 o C catalyst 1 was able to promote not only the epimerization of the anti diastereoisomer but also a retro-Michael reaction, thus eroding the ee. yield. This mixture was dissolved in diethyl ether, cooled to -18 o C, and stirred for 100 h in the presence of catalyst 1. Chiral HPLC analysis of the final mixture showed that rac-syn-6ab was transformed into rac-3-hydroxy cyclohexanone 4ab, whereas anti-5ab remains in the mixture but partially deracemized in favor of (3S,4R) enantiomer (20% ee) (Scheme 4). This fact confirms that, under the studied conditions, only the rac-syn-diastereoisomer quickly cyclizes to the rac-hydroxy cyclohexanone, and more important, that antidiastereoisomer deracemizes via retro-Michael reaction. 19 The retro-Michael process could also explain that the catalytic process is less enantioselective for the formation of the anti-than for the syn-diastereoisomers.
With this information in mind, we propose a pathway for the reaction as summarized in With respect to the stereochemistry in the Michael adducts, the major enantiomer of the syn-diastereoisomer could be formed by attack of the re-face of enol approaching to the re-face of the iminium ion 20 (A in Scheme 5).
Conclusions.
In summary, we have described a synthesis of enantioenriched 3-hydroxy-2,5,6-trisubstituted cyclohexanones although in moderate yield and moderate to good enantioselectivity. More important, the obtained results demonstrate that, contrary to previously described, ketones with pKa > 18 can be used as nucleophiles in 
General procedure
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(2R,3R,5R,6R)-3-Hydroxy-2,5,6-triphenylcyclohexanone (4aa

